The information on floc porosity is essential for estimation of the permeability of the aggregate. The average porosity of alum and activated sludge flocs determined in this study on thin sections of the aggregates was similar, varying in the range from 8 to 9%. Similar porosity of the two different types of aggregates suggested that the permeability of these flocs could also be similar. However, the experimental observations of floc settling rates and floc shape factors did not support this expectation and led to a conclusion that the permeability of an aggregate cannot be estimated based on the average geometric porosity of a floc only. When the size distributions of pores on flocs' sections were analyzed using the concept of fractal geometry, different characteristic values for alum coagulation and activated sludge flocs were found. Larger pore size found in activated sludge flocs allows for more flow through these flocs. Therefore, the size of characteristic pores rather than the average total porosity determines the permeability of an aggregate.
Introduction
One of the main reasons why settling of flocs cannot be described by Stokes' Law is difficulty in determining the drag acting on a settling aggregate (Johnson et al. 1995) . For a porous sphere moving steadily through an infinite medium at Reynold's Number (Re) <10, the corresponding drag force would be less than that for a non-porous sphere. This is because flow through an aggregate lowers the velocity of the liquid at the floc surface. A correction factor (Ω) has been introduced into Stokes' Law to account for the difference in the drag force exerted on permeable and impermeable particle (Li et al. 1988; Li et al. 1992; Lee et al. 1998): vt 2 = 4 g (ρf-ρw)D (1) 3 Ω CD ρw where vt is the terminal settling velocity; CD is the drag coefficient exerted on an impermeable sphere; g is the gravitational acceleration; D is the diameter of the settling floc; ρf-ρw is the effective density of a floc; and Ω is the correction factor for a drag force.
Where:
Drag acting on a permeable floc (2) Drag acting on impermeable sphere the drag force exerted on a floc can be stated as:
Under creeping flow conditions (Re<1), C D for a nonporous sphere is governed by the inversely proportional relationship: C D = 24/Re (4) Neale et al. (1973) analyzed theoretical settling of a highly porous sphere moving steadily through an infinite medium. Brinkman's extension of Darcy's Law was used to describe flow inside a floc. A theoretical equation for Ω was obtained by comparing calculated settling velocity of a permeable sphere to that of an impermeable one (equations 2 and 3):
where:
and k is the floc permeability (m 2 ). Therefore, the information on floc permeability is required before the estimate of the drag acting on the aggregate can be made.
Evaluation of floc permeability is usually based on permeability models. All generally accepted permeability models are in the following form (Lee et al. 1998) :
where ao is the characteristic size of primary particles. For example, Li et al. (1992) used the Carman-Kozeny equation to estimate permeability of an activated sludge floc:
where ε is the porosity of a floc; K is the Carman constant (depending on the shape of the individual channels in the model); S is the specific surface area, defined as a ratio of total interstitial surface area of the pores per unit volume of a floc. Equation 8 can be rewritten as (Li 1991) :
where a is the diameter of the "wet" primary particle inside the aggregate. Equation 9 is valid under the following assumptions:
1. Twenty percent of the primary particle surface is unable to be exposed to the liquid due to either contact with each other or with extracellular polymers (or aluminium hydroxide in alum flocs). 2. The value of Kozeny's constant (K) is 4.8 which is typically used to calculate permeability of random beds of uniform spheres.
Therefore, an aggregate's porosity and the size of wet particle have to be determined in order to estimate the permeability of a floc.
Porosity and Structure of Flocs
Before studying the floc porosity it is important to realize the connection between the porosity and structure of flocs. It is generally assumed that flocs grow according to the following model: primary particles form compact flocculi which assemble themselves into microflocs. Microflocs bind together to form floc aggregates. It is reasonable to expect that associated with the three different levels of aggregation within the floc structure is three different groups of pore sizes within the floc. Small pores would be those formed in between primary particles within flocculi. Medium size pores would be those between flocculi in a microfloc and large pores would be those formed between microflocs in a floc aggregate (Fig. 1) .
In reality, flocs form in turbulent suspensions, where all levels of aggregation randomly collide. Therefore, unlike the structure of a model floc (Fig. 1) , the resulting structure of a real floc aggregate is a random assembly of primary particle, flocculi and microflocs. Random processes tend to create fractal objects. Several researchers demonstrated that parti- Fig. 1 . Multi-level model of floc formation (Li et al. 1997). cle aggregates formed in water and wastewater treatment possess fractal features (Li et al. 1989; Rizzi 1993; Ganczarczyk 1995; Guzowska 1996; Lee et al. 1996; Bahrami 1997; Lay 1997; Cousin et al. 1998; Lee et al. 1998; Gorczyca et al. 1999) . In the fractal analysis of many porous materials it is convenient to accept a model of the "Sierpinski carpet" (Mandelbrot 1983; Kaye 1989) .
In this study pore distributions in alum coagulation and activated sludge flocs were analyzed using the Sierpinski carpet model. In order to study the non-homogeneous nature of the floc porosity, the aggregates were dispersed into smaller fragments that were composed predominantly of the lower level of aggregation structures (microflocs and flocculi).
Materials and Methods

Determination of the Porosity of Flocs
Alum coagulation flocs Alum coagulation flocs were obtained in coagulation of kaolinite suspensions with alum. Detailed experimental procedure and data analysis were presented elsewhere (Gorczyca et al. 1999) .
Activated sludge flocs
A sample of activated sludge mixed liquor (2 L) was collected from the aeration tank of the Peterborough Wastewater Treatment Plant (Peterborough, Ontario, Canada). It is a conventional activated sludge plant. The sewage flow is divided into two treatment trains: train 1 and 2. The flow coming into train 2 is divided equally into two additional trains: 3 and 4. The plant processes municipal and industrial wastewater (45,000-50,000 m 3 /day of average BOD equal to 176 mg/L). The treatment parameters monitored during the time of experiments are listed in Table 1 . The temperature of the mixed liquor was 21°C (MLSS of 2610 mg/L). Activated sludge flocs were dispersed by a mixing energy increased from 0 to 0.75 kJ/g MLSS/L in a cylindrical, steel vessel (height = 30 cm and diameter = 10 cm). The mixed liquor depth was 26 cm (Fig. 2) . The geometry of the mixing vessel used in the experiments with activated sludge flocs was slightly different than that of the jars used for the alum coagulation floc dispersion. This was because the vessel used in the experiments with activated sludge flocs had an AME transducer attached to it, and this transducer was used later in further experiments on the same sludge.
Several breakup mixing speeds, ranging from 315 to 990 rpm, were applied for 5 minutes. To avoid excessive vortexing during mixing, an axial flow propeller (diameter of 5 cm) was used to breakup the flocs. Between the breakup experiments the sludge was continuously agitated with a paddle mixer operating at a speed of 40 rpm to allow for reflocculation.
Possible effects of floc reflocculation on the structure of activated sludge flocs were considered as follows. Reflocculated activated sludge floc could have been more resistant to shear due to the rearrangement of flocculi and microflocs within the aggregate (Clark et al. 1991) . However, both the original floc and the reflocculated aggregate would disperse into microflocs or flocculi, and it is the porosity of these lower levels of aggregation structures not the reflocculated floc aggregate that was assessed in this study.
The higher mixing speeds used in the experiments with activated sludge flocs as compared to those applied in the dispersion of alum coagulation flocs are explained as follows. First, activated sludge flocs are known to be more resistant to shear than alum coagulation flocs. Also, the cylindrical mixing vessel used in the dispersion of activated sludge flocs had no baffles. Therefore, in spite of the high speeds, the actual energy input must have been lower than that in the rectangular jars used in the dispersion of alum flocs.
Preparation of floc samples
After each rapid mix treatment, a sample of sludge (about 6 mL) was withdrawn from the vessel. All samples were taken from the depth of about 10 cm. About 1 mL of the sample was preserved in agar. This sample was used for the analysis of the flocs' size. The remaining sample (about 5 mL) was fixed in 2% glutharaldehyde in 0.1 M cacodylate buffer (about 5 mL) and 0.15% ruthenium red stain (1 mL). Flocs were stained with ruthenium red for possible identification of the amount of extracellular material within the floc (Luft 1971 ). This sample was used for microscopic analysis and was further processed using the procedure described by Ganczarczyk et al. (1992) . Small samples of activated sludge flocs were embedded in BEEM capsules with JB-4™ Plus Embedding Kit, (J.B.EM Services Inc., Que.). Sections two microns thick were cut from the flocs containing embedded aggregates. The sections were stained with toluidine blue to give a better contrast between the biomass and pores. Floc geometric porosity (P) and size were determined on the sections of flocs using BIOQUANT IV Image Analysis System (R&M Biometrics, USA).
Data Analysis
The average geometric porosity of 300 alum coagulation and activated sludge flocs was determined on floc sections. Porosity was calculated as a ratio of the total area of pores to the area of a floc. The example thin sections of the studied flocs are shown in Fig. 4 . The average geometric porosity of studied flocs is listed in Table 2 .
Fractal analysis of porosity data
For determination of Sierpinski fractal dimensions the procedure developed by Kaye (1989) was followed. In this procedure it is assumed that when looking at the floc section initially, the microscope is adjusted to such a low magnification (X 1 ) that only the largest pore of size A X1 can be seen. Assuming that at particular magnification X 1 pores smaller than A X1 cannot be seen, one can calculate the residual area as R X1 = 1 -A x 1/area of measurement window. When magnification is increased to X 2 the smallest visible pore is A x 2 and the residual area is equal to R X2 = 1 -(A x 1 + A x 2)/area of measurement window. Generally, for the magnification X n , the residual area is R xn = 1 -(A x 1 +…+ A x n)/area of measurement window. For each floc section the following were plotted: Figure 5 shows an example of Sierpinski plot for an activated sludge floc. A similar plot for an alum coagulation floc is presented in Fig. 6 . The slope (m) of the best-fit line between pore area and residual area determines the Sierpinski fractal dimension. It was observed previously that for biofilms and activated sludge flocs, two lines fit the data on these plots (Zahid et al. 1994) . The transition point dividing the two data lines represents the specific size of pore that separates one system of pores from another.
About 300 Sierpinski plots were analyzed for both alum coagulation and activated sludge flocs. Most of these plots clearly showed the pres- ence of three different systems of pores within alum coagulation and activated sludge flocs indicating the three levels of aggregation -flocculi, microfloc and floc aggregate. The approximate pore sizes are listed in Table 2 . The sizes of medium and large pores were found about two times larger in activated sludge flocs as compared to alum coagulation flocs.
Discussion Drag Acting on Alum Coagulation and Activated Sludge Flocs
The drag force acting on a settling porous floc depends on the permeability of that floc. Permeability of a floc can be calculated provided porosity and the size of primary particle in the aggregate are known. The results of this study suggest that the average porosity of alum coagulation and activated sludge flocs is similar. The size of the primary particles in these aggregates is also similar. The size of kaolin clay particles (a primary particle in the alum coagulation floc in this study) is approximately 3 µm (Craig 1987) . The approximate size of microorganisms in the activated sludge floc is about 2.5 µm (Jorand et al. 1995) , similar to the size of kaolin clay particle. Similar average porosity and size of primary particle for alum coagulation and activated sludge flocs suggests that the permeability of these flocs as calculated with the Carman-Kozeny equation would also be similar. The settling rates of these aggregates, therefore, would depend only on the size and density of these flocs (equation 1).
The size, effective density and settling velocities of alum coagulation and activated sludge flocs as determined in the free settling tests are shown in Table 3 . According to Stokes' Law, activated sludge flocs should settle about 3 times faster than alum flocs. Yet the experimental observations indicate that activated sludge flocs settle 5 times faster than alum flocs. This inconsistency indicates that the drag force acting on these two types of flocs is not the same.
The hydrodynamic drag force acting on an aggregate is one of the factors that determine the extent of the deformation or change in the shape of a floc during its settling. The shape of a floc can be described by a shape factor:
Where A is the cross-sectional area of a floc and p is the perimeter of a floc section. The shape factor for a circle is 1, and for a line is 0. The shapes of alum coagulation and activated sludge flocs were measured on aggregates in their stable position (agar embedded) and during their settling. The aggregates changed their shapes during settling, and this was represented by a new settling shape factor. The settling shape factors for alum coagulation flocs were sometimes 6 times larger than those measured for the same aggregates in their stable position (Fig. 7) . The high values of the settling shape factors for alum flocs suggests that these flocs changed their shapes from discs (for the flocs in stable position) to more spherical forms (during the settling of flocs). For the activated sludge flocs, the increase in the shape factor during settling was also observed, but this increase was much smaller than that for alum coagulation flocs (Fig. 8) . The extent of the deformation of an aggregate is related to the magnitude of the drag force exerted on the floc, a force that in turn depends on the flow through the aggregate. Since the deformation of alum coagulation flocs was larger than that for activated sludge flocs, it suggested that the drag force exerted on alum flocs during settling was also higher. On the other hand, since the drag on activated sludge flocs is low, the flow through these flocs must be higher than that through alum flocs. Thus the permeability of activated sludge flocs must be higher than the permeability of alum flocs regardless of the fact that the average porosity of these flocs is almost the same. It is clear then, that the average porosity is not the key parameter determining the permeability of a floc.
Permeability of alum coagulation and activated sludge flocs
For the two types of flocs discussed, the size of medium and large pores that was found was different. This structural difference could not be established by classical analysis of average porosity of flocs. Based on the size of the characteristic pores, the permeability of activated sludge flocs must be about 2 times higher than the permeability of alum flocs.
Structure of alum coagulation and activated sludge flocs
The size of medium pores is determined by the size of flocculi. Since the medium pores in activated sludge flocs are twice the size of the medium pores in alum coagulation flocs, the flocculi in activated sludge flocs must also be about two times larger that the flocculi in alum flocs (Fig. 9) . The different size of flocculi in alum and activated sludge flocs is most likely attributed to the different properties of the substance binding primary particles in these flocs. Very little information is available on the size of amorphous aluminium hydroxide precipitate formed during the alum coagulation process. For the purpose of modelling of the alum coagulation process, Dentel (1988) assumed the maximum diameter of aluminium hydroxide particle to be 28 nm. On the other hand, the diameters of extracellular fibrils in activated sludge flocs were in the range from 4 to 6 nm (Liss et al. 1996) , but most importantly, the extracellular fibrils can assume significant length (up to several m) which increases their ability to entrap primary particles.
Conclusions
Based on the observations and analyses made in this study, the following conclusions can be drawn:
• The similar average porosity of alum and activated sludge flocs incorrectly suggested that the permeability of these flocs is the same. •
The fractal analysis applied to analyze porosity data revealed that the size distribution of pores in alum coagulation and activated sludge flocs could be substantially different.
• The larger size of pores in activated sludge flocs allowed for formation of larger water channels in these flocs. This resulted in higher permeability and less drag acting on activated sludge flocs as compared to alum flocs. Direct observations of settling rates and shapes of flocs confirmed this conclusion.
